Photoelectron spectra of citric acid doubly charged anion were measured. The repulsive Coulomb barrier due to the two excess charges was directly probed and estimated to be about ϳ1.9 2.5 eV. The adiabatic binding energy of the second electron was measured to be 1.0 eV. Two detachment channels were observed, with the second channel at ϳ0.6 eV higher in binding energy. The current study presents the first photodetachment experiments of a multiply charged anion and opens up new opportunities to study these novel molecular species. [S0031-9007(98) Fig. 1(a) ]. The experiments were performed with a new apparatus, which couples an electrospray ionization (ESI) source and a magnetic-bottle time-of-flight (TOF) photoelectron analyzer. The photoelectron spectra of CA 22 were measured at three photon energies: 4.66, 3.49, and 2.33 eV (Fig. 2 ). An expected long range repulsive Coulomb barrier was observed for the detachment of the doubly charged anion and was estimated to be in the range of ϳ1.9 2.5 eV. An excited state of the CA 2 singly charged anion was observed in the 4.66 eV detachment spectrum at ϳ0.6 eV above the CA 2 ground state. The 3.49 eV photon could not access this excited state due to the Coulomb barrier, even though this photon energy was higher than the binding energy of this state. The current experiments represent the first direct observation of the long range Coulomb repulsion barrier in multiply charged anions and demonstrate that photodetachment is a powerful technique to study multiply charged negative ions in the gas phase.
We report the first photodetachment experiments of a doubly charged anion, citric acid dianion [CA 22 , 2 O 2 C-CH 2 -C͑OH͒ ͑CO 2 H͒-CH 2 -CO 2 2 ; see Fig. 1(a) ]. The experiments were performed with a new apparatus, which couples an electrospray ionization (ESI) source and a magnetic-bottle time-of-flight (TOF) photoelectron analyzer. The photoelectron spectra of CA 22 were measured at three photon energies: 4.66, 3.49, and 2.33 eV (Fig. 2 ). An expected long range repulsive Coulomb barrier was observed for the detachment of the doubly charged anion and was estimated to be in the range of ϳ1.9 2.5 eV. An excited state of the CA 2 singly charged anion was observed in the 4.66 eV detachment spectrum at ϳ0.6 eV above the CA 2 ground state. The 3.49 eV photon could not access this excited state due to the Coulomb barrier, even though this photon energy was higher than the binding energy of this state. The current experiments represent the first direct observation of the long range Coulomb repulsion barrier in multiply charged anions and demonstrate that photodetachment is a powerful technique to study multiply charged negative ions in the gas phase.
Multiply charged anions are commonly found in the condensed phases. However, few of them are known in the isolated states [1] [2] [3] [4] , partly due to the fact that many multiply charged anions acquire their stability in the condensed phases through solvation and other electrostatic interactions and are not stable against autodetachment in the gas phase. Even for those multiply charged anions that are stable in the isolated form, the long range Coulomb repulsion between the excess charges makes it difficult for them to be formed in the gas phase [5, 6] . Figure 1(b) shows a schematic potential diagram for a doubly charged anion (AB 22 ) illustrating the repulsive Coulomb barrier (RCB) and the binding energy of the second electron ͓E b ͑2͔͒. The RCB derives from the long range Coulomb repulsion and the short range binding of the excess electron by the singly charged molecule AB 2 . The potential minimum corresponds to the equilibrium distance between the two excess electrons in the AB 22 dianion. In the present case of CA 22 , this potential minimum corresponds approximately to the distance between the terminal oxygen atoms ͑ϳ6.14 Å͒, where the excess charges are localized, as schematically shown in Fig. 1(a) . A sufficient separation between the excess charges is necessary for the dianion to be stable. For example, there has been no definitive evidence to show that a single atom can support a stable dianion due to its small volume [7] . The smallest dianion observed experimentally so far was C 22 7 [8] . Experimental investigation of multiply charged anions heretofore has involved only mass spectrometric techniques [1] [2] [3] [4] 9] . Several recent works of doubly charged anions have been concerned with carbon clusters and fullerenes [5] [6] [7] [8] [10] [11] [12] . In particular, Jin et al. carried out a series of charge exchange experiments between C 60 F 22 48 and various reagents whose electron affinities were known to be higher than the second electron binding energy of C 60 F 22 48 [11] . The inability to observe any appreciable charge exchange reactions was attributed to a Coulomb barrier. Experimental evidence of RCB in a doubly charged anion has also been reported in a recent experiment involving sequential electron attachment to C 2 84 and the subsequent autodetachment of C 22 84 [5] . The experiments reported here were performed with a newly developed magnetic-bottle TOF photoelectron spectroscopy apparatus [13, 14] , interfaced with an ESI source. Recently, it has been shown that the ESI technique [15] , which is one of the most powerful means to ionize nonvolatile macromolecules in biological mass spectrometry [16] , can easily produce gas phase multiply charged anions that are common in solutions [9, 17] . We used a 10 24 molar citrate solution at pH ϳ 10 in a water͞methanol mixed solvent (2͞98 ratio) and sprayed it through a 0.01 mmdiam syringe needle at 22.2 kV bias. The highly negatively charged droplets then entered a desolvation capillary (0.8 mm-diam, ϳ80 ± C), which converts the ionic species in the droplet into molecular ions [15] . The anions were then guided by a rf-only quadruple mass filter into a quadruple ion trap [18] , where they were accumulated for about 0.1 sec before being pushed into the extraction zone of a TOF mass spectrometer (mass resolution, M͞DM ϳ 700). The dominating anion species derived from the citrate solution were CA 22 and HCA 2 . The dianion nature of CA 22 was confirmed by the half mass͞charge isotope peaks in the TOF mass spectrum. The CA 22 anions were mass selected and decelerated before being intercepted by a laser beam from a Nd:YAG laser (532, 355, and 266 nm, 7 ns pulse width [19] ) in the detachment zone of the magnetic-bottle photoelectron analyzer. Photoelectron TOF spectra were measured and then converted to kinetic energy spectra, calibrated by the known spectra of I 2 , ClO Fig. 1(b) ]. Vibrational structures are discernible, but cannot be assigned to a single progression, indicating that more than one vibrational mode was probably active. The vertical detachment energy was measured to be ϳ1.5 eV. The low energy tail was likely due to hot band transitions. The temperature of CA 22 was expected to be near or slightly above room temperature under our experimental conditions. We also tried to take the photoelectron spectrum of CA 22 at 532 nm (2.33 eV), attempting to improve the spectral resolution. However, no photodetachment signal was observed even though the 532 nm photon energy was higher than the binding energy of the spectral feature [ Fig. 2(a) ].
The 266 nm spectrum [ Fig. 2(b) ] appeared quite unusual, compared to the 355 nm spectrum. It is considerably broader at the high binding energy side, suggesting that there might be new detachment channels at the higher photon energy. In Fig. 2(c) , the 355 nm spectrum (dotted curve) is overlaid onto the 266 nm spectrum, and the high binding energy feature is clearly revealed. Another copy of the 355 nm spectrum, shifted by 0.6 eV to higher binding energy and at a reduced intensity, is also plotted in Fig. 2(c) to simulate the additional detachment feature. Although the latter procedure is rather crude, it clearly illustrates the existence of an additional detachment feature in the 266 nm spectrum. The two detachment features are labeled as X and A in Fig. 2 for the low and high binding energy features, respectively. The shifted 355 nm spectrum is seen to fit the A feature rather well, despite the crude nature of the fitting procedure, even the vibrational structures of the A feature appear to be similar to the X feature of the 355 nm spectrum, suggesting that the A and X detachment features have very similar Franck-Condon envelopes.
The observation that no detachment took place at 532 nm provided the first evidence for the existence of a RCB [ Fig. 1(b) ]: even though the 2.33 eV photon energy was higher than the electron binding energy, it was lower than the RCB. Therefore, no detachment could take place except tunneling, which was expected to have very small probability depending on the barrier height and width. From the observations at both 532 and 355 nm, we can conclude that the potential well depth (WD) [see Fig. 1(b Fig. 2(b) ] suggested that the well depth involved in the detachment channel leading to the A feature was even deeper. The fact that the A feature was missing from the 355 nm spectrum offered further evidence for the existence of RCB, in this case for the A state, because this photon energy was higher than the binding energy of the A state. With this observation, we can derive the WD and RCB for the A state to be 3.49 , WD , 4.66 eV, or 1.89 , RCB , 3.06 eV (WD minus the 1.6 eV electron binding energy for the A state) [ Fig. 3(a) ].
The X feature represents the transition from the ground state of CA 22 to that of the radical anion CA 2 , whereas the A feature corresponds to the transition to an electronic excited state of CA 2 . If we assume that the RCB of both the X and A states are similar, we can further narrow the range of the RCB down to 1.89 , RCB , 2.49 eV, based on the results presented above. If we use the equilibrium distance between the O atoms on the two 2CO 2 2 groups [6.14 Å, Fig. 1(a) ] as the average distance between the two excess charges, we obtain a Coulomb repulsion energy of 2.36 eV ͓e 2 ͞6.14 ͑Å͔͒, in remarkable agreement with the RCB value derived experimentally above. The potential energy curves for the X and A states along the detachment coordinate and the relative energies involved are schematically shown in Fig. 3(a) .
The binding energies for the X and A states and the Coulomb barrier shown in Fig. 3(a) are all relative to the ground vibrational levels of the X and A states. The photoelectron spectra of CA 22 shown in Fig. 2 indicate that both the X and A states contain highly vibrationally excited states with a Franck-Condon envelope of about 1 eV wide for both the X and A states. For each vibrational level, there should exist a potential curve similar to that shown in Fig. 3(a) for the X and A states, respectively. Our derived RCB value (between 1.9 and 2.5 eV) and the observation of the broad Franck-Condon envelopes require that the well depths for both the X and A states should be relatively invariant with respect to the different vibrational levels, suggesting lower Coulomb barriers for the highly vibrationally excited states of CA 2 , as shown schematically in Fig. 3(b) for the X state.
In photoionization of neutral species or photodetachment of singly charged anions, the long range interaction between the molecular species and the departing electron is attractive. Photodetachment of multiply charged anions provides a unique situation of long range repulsive interaction for the departing electron. Interestingly, the Coulomb repulsion experienced by the detached electron in a multiply charged anion is analogous to the potential felt by a departing a particle in a radioactive atomic nucleus [1, 2, 21] , even though the length and energy scales are much different in the two cases. Therefore, it would be interesting to understand in detail the potential shape shown in Fig. 1(b) for a multiply charged anion. The barrier height can be measured accurately with a tunable laser. Interesting dynamic effects, tunneling, and barrier reflection would be expected near the top of the potential barrier.
In conclusion, we presented the first photodetachment experiments and photoelectron spectra of a doubly charged anion. The electron binding energy of the second excess electron in CA 22 or the electron affinity of the CA 2 singly charged radical anion was measured to be about 1.0 eV. The repulsive Coulomb barrier experienced by the excess charges was probed directly and estimated to be between 1.9 and 2.5 eV. A second detachment channel, corresponding to an excited state of CA 2 , was also observed at about 1.6 eV binding energy or 0.6 eV above the ground state of CA 2 . We further deduced that the effective Coulomb barrier decreases for highly vibrationally excited levels of the singly charged anion. The current study demonstrates that photodetachment is a powerful technique to probe the electrostatic interactions and spectroscopy of multiply charged negative ions. It can also be used to investigate the dynamics, solvation effects, and thermochemistry of multiply charged anions in the gas phase.
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